The Synechocystis sp. PCC 6803 ctp gene family members ctpA (slr0008), ctpB (slr0257) and ctpC (slr1751), encoding carboxyl-terminal endoproteases (Ctps), were studied at levels of gene transcription and protein structure. Northern blot analysis revealed differential activation and accumulation of the ctp transcripts upon induction of various environmental conditions, including light, temperature, salinity and growth mode, supporting the view of distinct roles of Ctps in Synechocystis sp. PCC 6803 cellular processes. Amino acid sequence comparison of 16 ctp gene products showed that they fall into three distinct groups: the eukaryotic CtpA-like proteins, the prokaryotic CtpA-like proteins and the prokaryotic CtpB/C-like proteins. Structural models of the Synechocystis sp. PCC 6803 Ctps, constructed based on the amino acid sequence alignment and the crystal structure of the Scenedesmus obliquus D1 processing protease, revealed that although the overall structure of the Synechocystis sp. PCC 6803 Ctps is very similar, differences exist in the putative membrane contact regions and in the active site environment. ß
Introduction
The unicellular cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a Gram-negative prokaryote performing oxygenic photosynthesis. Its genome [1] encodes numerous proteases [2] that participate in a variety of essential cellular processes, including protein maturation and turnover. Synechocystis carboxyl-terminal endoproteases CtpA, CtpB and CtpC are serine proteases that utilize a Ser/Lys catalytic dyad instead of the wellknown Ser/His/Asp catalytic triad [3] . The cellular roles of most of the Ctp family members are currently poorly understood with the exception of CtpA in autotrophs [4] and the bacterial Tsp (tail-speci¢c-protease) [5] .
The Synechocystis genome contains three ctp genes, ctpA (slr0008), ctpB (slr0257) and ctpC (slr1751). Unlike CtpA, which processes the precursor form of the D1 protein into the mature form during de novo synthesis or light-induced turnover of photosystem II (PSII), the cellular roles of CtpB and CtpC are uncharacterized. Di¡er-ences in the functionality of Synechocystis Ctps were demonstrated by disrupting the ctpA, ctpB and ctpC genes [6] and CtpB and CtpC speci¢cally have been speculated to participate in cell wall biosynthesis [2, 7] . The Synechocystis ctp gene products contain a transit signal peptide, which predicts either a periplasmic or a luminal location. Indeed, CtpA is active in the thylakoid luminal space [8] and CtpB and CtpC have been shown to reside in the periplasmic space [7] . Furthermore, CtpC has been identi¢ed from a plasma membrane preparation [9] . These results together refer to a peripheral plasma membrane location of CtpC.
In the present study we have examined the Synechocystis ctp genes and gene products at both transcriptional and structural levels to add basic knowledge of the Synechocystis ctp gene family. The accumulation of Synechocystis ctpA, ctpB and ctpC transcripts was characterized under a variety of environmental conditions. Furthermore, an upto-date amino acid sequence comparison of 16 Ctps was performed in order to recognize the structurally conserved and variable regions. Finally, structural models of the Synechocystis Ctp proteins were constructed based on the amino acid sequence alignment and the crystal structure of Scenedesmus obliquus (hereafter Scenedesmus) D1P (homologue to CtpA) [10] , to compare the overall as well as the active site structures of the proteases. 
Materials and methods
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RNA isolation, electrophoresis and Northern blot analysis
Total RNA was isolated using the hot phenol method in the presence of 60 mM EDTA and 0.5% sodium dodecyl sulfate [12] . Total RNAs (10 Wg) were separated in 1.5% agarose gels after denaturation with glyoxal and subsequently transferred to a nylon membrane (Hybond N, Amersham). The mRNAs of the ctp and psbA genes were probed with DNA fragments complementary to a 1-kb region of each gene. DNA probes were ampli¢ed from Synechocystis genomic DNA by polymerase chain reaction using the following pairs of primers: ctpA fw 5P-cgcaagcttttagttgggcttgtgagccgttgc-3P/rev 5P-cgcggatccttcaccgaggaacaaaagctactg-3P; ctpB fw 5P-ggatccgctcccaacgtgatcaacc-3P/rev 5P-gaattcttaaagttgactgggctcc-3P; ctpC fw 5P-cgcggatccggggttgggttgcgattggc-3P/rev 5P-cccaagcttctacttagaagcggttttgttc-3P; psbA fw 5P-tgctttacggtaacaacatca-3P/ rev 5P-attaaccgttgacagcagg-3P. The probes were labeled radioactively by the random priming method (Prime-aGene, Promega) followed by hybridization. After removing the probe, the membranes were reprobed with the 16S rRNA gene of Synechocystis to verify equal loading of the gel. Transcript levels were quanti¢ed with AIS (Imaging Research) after normalization by levels of 16S rRNA.
Sequence alignment and structural modelling of CtpA, CtpB and CtpC
The sequences of 16 Ctps from 10 organisms were aligned. The sequence alignment was performed using the programs MALIGN and MALFORM [13, 14] within the Bodil visualization and modeling package [15] . The sequence alignment was manually re¢ned taking into account the secondary structure elements and the overall three-dimensional structure from Scenedesmus D1P [10] .
Based on the ¢nal manually re¢ned alignment and using the crystal structure of Scenedesmus D1P (PDB ¢le code 1FC9) as the structural template, ¢ve di¡erent models of Synechocystis CtpA (Q55669), CtpB (P75023) and CtpC (P73458) were made using the program MODELLER [16] . After visual examination, the best model in each set with the lowest value of the MODELLER objective function was chosen for further analysis. JACKAL [17] was used to optimize the conformation of the loops Asp212Ŝ er218 in CtpA, Glu239^Arg244 in CtpB and Asp215Â rg220 in CtpC. The ¢nal Ctp models were compared to each other and to the existing crystal structure of D1P from Scenedesmus by superimposing them with the program VERTAA [18] .
The sequence alignment image ( Fig. 2 ) was generated with ALSCRIPT [19] . The overall fold image ( Fig. 3 ) was generated with MOLSCRIPT [20] and RASTER3D [21] and the surface charge distribution image (Fig. 4) was generated with the Bodil visualization and modeling package [15] . The active site images (Fig. 5) were generated with MOLSCRIPT [20] and RASTER3D [21] .
Results and discussion
E¡ect of environmental factors and growth mode on
Synechocystis ctpA, ctpB and ctpC mRNA levels Cyanobacteria adapt to changing environmental conditions by altering the molecular composition of the cell [6, 22, 23] . Several adaptational processes originate from altered gene expression, which in prokaryotes is controlled primarily at the transcriptional level. A set of experimental conditions were tested in order to characterize transcriptional regulation and accumulation of Synechocystis ctpA, ctpB and ctpC genes. Additionally, transcript levels of psbA, encoding PSII reaction center protein D1, were monitored to provide information on a possible shared transcriptional regulation pathway of the substrate, D1 protein, and its processing enzyme CtpA. Results from Northern blot analysis are represented in Fig. 1 and listed in Table 1 .
Light quality and quantity are the most determining factors for cyanobacterial living [24^27] . Therefore, the transcripts of Synechocystis ctp genes were monitored under di¡erent light conditions. Northern blot analyses indicated that all three ctp genes are transcribed in detectable amounts under normal growth light conditions but not in darkness. Furthermore, introducing the cells to light after the dark adaptation activated ctpA, ctpB and ctpC transcription. However, the activation pattern di¡ered between the ctp genes. The ctpA transcripts accumulated to a high level readily within 5 min after shift into light and thereafter the transcript amount started to decline towards the steady-state level observed under normal growth conditions. The ctpB transcript levels reached the highest level after 1 h of light induction and then settled to amounts observed under normal growth conditions after 4 h of light induction. The ctpC transcripts were observed to reach a level comparable to the level of normal growth conditions after 1 h of light induction and maintained that level. The responsiveness of the ctpA and ctpC genes to white light has recently become obvious in a study of Synechocystis global gene expression pro¢les [28] . Therefore, sensitivity of ctpA, ctpB and ctpC transcript levels to high light was tested by illuminating the cells with 1500 Wmol photons m 32 s 32 for 15 or 30 min. This was of special interest because of the role of CtpA in photoinduced PSII turnover [8] and the documented light-dependent transcriptional regulation of psbA [29] . The results demonstrated increased transcript levels of ctpA, ctpB and psbA under high light treatment. However, the overall transcriptional activation of psbA and ctpA is not fully synchronized, shown by the various environmental conditions tested.
The redox state of the photosynthetic electron transport chain is an important regulator of cyanobacterial gene expression [30, 31] . In addition to the photoautotrophic growth mode, Synechocystis is able to grow photomixotrophically utilizing glucose as a carbon source. The growth mode alters the redox state of the cell through distribution of electrons between the respiratory reactions and the photosynthetic electron transfer chain. Allowing the cells to grow photomixotrophically and photoheterotrophically for 18 h tested the e¡ect of glucose on ctp transcripts. Here, glucose was proven to a¡ect the transcript levels of the ctp genes.
Elevated temperature and salinity are stress factors Table 1 Relative values, corresponding to Fig. 1, of The values were calculated using 16S rRNA as an internal standard, n = 3, representative results from one experiment are presented. for cyanobacteria [7,32^34] . Marked transcript accumulation of ctpA was observed under heat shock treatment. Finally, the ctp genes were tested for sensitivity towards salt stress. A short period of salt stress (5 min) was observed to increase the transcript levels of the ctp genes, whereas overnight incubation downregulated ctpC transcript levels as was the case with all other conditions tested for ctpC.
Taken together, the ctp gene family members of Synechocystis exhibit individual transcriptional regulation. Recently, the transcriptional pro¢le of Synechocystis N factors was reported [35] . Comparison of the transcript pro¢les of the Synechocystis ctp genes and N factors suggests that transcription of each ctp gene may be controlled by a di¡erent N factor or a set of them: ctpA may be guided by heat and salt shock-inducible SigB and ctpB by SigA which is present during the exponential growth phase of the cells. Transcriptional activation of ctpC seems to be under control of at least SigA and SigB. The N factor(s) involved in transcriptional regulation of psbA remains to be elucidated.
Sequence alignment of Ctp proteins
The sequences of CtpA, CtpB and CtpC from Synechocystis were aligned with 13 other Ctps, nine from cyanobacteria and four from plants, in order to recognize the structurally conserved and variable regions of the proteins (Fig. 2) . The Ctp sequences from Anabaena and Thermosynechococcus elongatus were selected and numbered 1, 2 and 3 according to their sequence identity to Scenedesmus D1P. The length of the sequences in the alignment varied from 387 residues (Scenedesmus) to 539 residues (spinach). Since the known 3D structure of the Scenedesmus D1P [10] comprises residues 77^464 and is thus shorter (387 residues) than most of the other Ctps studied here, the overhanging N-and C-terminal residues of the other sequences were removed from the alignment. The alignment shows 50 completely conserved residues, which represent about 12.5% of the 399 positions aligned. Sequence comparison further showed that the Scenedesmus D1P has a higher sequence identity with Synechocystis CtpA (38.1%) than with CtpB (35.9%) or with CtpC (35.4%) and that Synechocystis CtpA has higher sequence identity with CtpC (45.5%) than with CtpB (39.0%). However, the sequence identity between CtpB and CtpC is even higher (47.4%). It was also observed that Anabaena 1 and T. elongatus 1 are clearly most similar to Synechocystis CtpA, while Anabaena 2 and T. elongatus 2 are most similar to CtpC. Moreover, noticeable di¡erences were observed between the eukaryotic and prokaryotic sequences. All the eukaryotic sequences have two conserved cysteines, lacking in cyanobacteria, that most likely form a disul¢de bond as in the crystal structure of Scenedesmus D1P. This bond is between Cys260 in the ¢rst strand in the larger L-sheet and Cys451 in the C-terminal helix in Scenedesmus D1P. Additionally, a conserved R/K cluster of positively charged residues in the N-terminal part of the sequence was identi¢ed among the eukaryotic sequences (Fig. 2) .
Overall structure of CtpA, CtpB and CtpC
The structural models of Synechocystis CtpA, CtpB and CtpC (Fig. 3) were constructed based on the sequence alignment (Fig. 2) and the published crystal structure of Scenedesmus D1P [10] . The folds of the Synechocystis Ctp models showed high similarity to the Scenedesmus D1P fold. However, the lower number of conserved amino acids in the C-terminal part of the model makes this area less reliable (beginning from Pro375 in CtpA, Pro401 in CtpB and Pro377 in CtpC). All models contain three domains, an N-terminal A-domain, a PDZ domain here designated B-domain and a C-terminal C-domain (Fig. 3) . The A-domain consists of a bundle of three helices and a short L-strand followed by a fourth helix. The PDZ domain resembles those found in many other proteins in plants, invertebrates and vertebrates and functions as a C-terminal peptide binder [36] . The C-domain is the largest domain and consists of three helices, £anked by two L-sheets. Models further revealed that Synechocystis Ctps lack a helix that is present in the C-terminal domain of Scenedesmus D1P, in the close vicinity to the area predicted to be less reliable in the Synechocystis Ctp models. Moreover, this helix, located on the surface of the protein, cannot be found in any other Ctps in our sequence alignment, and its signi¢cance is unknown.
The D1 protein is cotranslationally inserted into the thylakoid membrane [37] and therefore, CtpA is probably in contact with the membrane during D1 protein processing. Liao et al. [10] proposed that the small cluster of ¢ve cationic residues (Arg90, Arg94, Lys99, Lys108 and Arg110) in the N-terminal domain of Scenedesmus D1P may form a membrane recognition site, which could interact with negatively charged membrane lipids or the reaction center of PSII. All ¢ve cationic residues are conserved in the eukaryotic CtpA-type sequences, but only one, Arg110, is completely conserved in the prokaryotic ones (Fig. 2) . Arg90 is conserved in nine sequences, including Synechocystis CtpA, and these sequences are here designated prokaryotic CtpA-type sequences while the remaining sequences are here designated prokaryotic CtpB/Ctype sequences. Even though only two of the ¢ve amino acids in the R/K cluster (corresponding to the Arg90 and Arg110 in Scenedesmus D1 Ctp) are conserved in Synechocystis CtpA, a positively charged area in the A-domain can be identi¢ed in the electrostatic surface potential (Fig. 4) and this refers to a possible contact site with the thylakoid membrane. The Synechocystis CtpB and CtpC sequences contain two conserved positively charged amino acids in this area, in CtpB they correspond to Arg99 and Arg110 in Scenedesmus D1P whereas in CtpC they correspond to Arg94 and Arg110. However, the CtpB and CtpC models do not show a positively charged patch at that location (Fig. 4) and since CtpB and CtpC were identi¢ed from a soluble cell fraction [7] it is hypothesized that CtpB and CtpC do not necessarily exhibit direct membrane contact. Furthermore, the main di¡erence between the CtpA-and CtpB/C-type sequences can be observed in the C-terminal part of the alignment (Fig. 2) where the CtpB/C-type sequences contain ¢ve to eight extra amino acids, of unknown signi¢cance, prior to the C-terminal helix compared to the CtpA-type sequences. The additional helix present in Scenedesmus D1P is shown in red. The catalytic Ser and Lys residues (black triangle) and the proposed oxyanion hole residues (black circle) are in bold. The conserved R/K cluster in the A-domain is shaded with blue and the less reliable part of the sequence alignment is shaded with gray. The organisms and sequence accession numbers were referred to as follows : Scenedesmus (Scenedesmus obliquus, 1FC9); wheat (Triticum aestivum, Q8S3I9) ; Arabidopsis (Arabidopsis thaliana, O23614) ; tobacco (Nicotiana plumbaginifolia, Q8S3I6) ; spinach (Spinacia oleracea, Q36792) ; T. elongatus 1/2/3 (Thermosynechococcus elongatus, BAC09159/BAC09871/BAC08958); Synechococcus (Synechococcus sp. PCC 7002, P42784) ; Anabaena 1/2/3 (Anabaena sp. PCC 7120, Q8YW78/Q8YU55/Q8YRM4); Synechocystis A/B/C (Synechocystis sp. PCC 6803, Q55669/P75023/P73458) ; N. punctiforme (Nostoc punctiforme, O30968).
Active sites of CtpA, CtpB and CtpC
The Ctps are serine proteases that use a Ser/Lys catalytic dyad instead of the Ser/His/Asp triad observed in most serine proteases. The conserved catalytic serine and lysine residues are placed in a shallow cleft in the middle of the three domains (Fig. 3 ). An oxyanion hole, stabilizing the tetrahedral intermediate of the proteolytic process, is possibly formed by the main chain amides of Gly318 and Ala373 in Scenedesmus D1P [10] . These residues are conserved in all the aligned sequences in this study. Furthermore, hydrophobic patches in the Scenedesmus D1P crystal structure as well as in our models £ank the active site (Fig. 4) .
In addition to Ctps, also other proteases utilize the Ser/ Lys catalytic dyad. The bacterial signal peptidase (SPase), a membrane-bound protease that cleaves the N-terminal signal peptides from secreted proteins as well as from membrane proteins, and the LexA protease family members (LexA, UmuDP and V phage cI) involved in the cellular SOS response [38] , belong to this category. The crystal structures of SPase [39] , UmuDP [40] , LexA [41] and V phage cI [42] show both a similar fold in the catalytic core and a similar hydrogen-bonding environment surrounding the catalytic lysine compared to the proteases studied here. Even though the catalytic serine and lysine residues are positioned in a uniform way in SPases and LexA family proteases, their overall fold is totally di¡erent from the Synechocystis Ctp and the Scenedesmus D1P folds.
Paetzel et al. [43] compared the active sites of these SPases and LexA family proteases and suggested that a second serine (in SPase) or threonine (in the LexA family) residue is required for their optimal catalytic activity. These proposed additional Ser/Thr hydrogen bonds to the catalytic lysine are in almost perpendicular direction to each other. In the Scenedesmus D1P, Thr168 is hydrogen-bonded to the catalytic Lys397. However, this threo- nine is not completely conserved in the Ctps studied here (Fig. 2) . Thr168 in Scenedesmus D1P is replaced by a glycine in the other studied eukaryotic sequences, whereas in the prokaryotic sequences it is replaced by either a hydrophobic or a polar residue. By this criterion Synechocystis CtpC most resembles Scenedesmus D1P, as Thr90 is located at the same position as Thr168 in Scenedesmus D1P (Fig. 5) . The corresponding residue is Asn121 in Synechocystis CtpA and Leu149 in CtpB. The catalytic lysine is most likely hydrogen-bonded to Asn121 in CtpA, and to Thr366 in CtpB. The threonine residue in CtpB is located in the opposite direction from the catalytic lysine compared to Thr168 in Scenedesmus D1P (Fig. 5) . Interestingly, there is a leucine residue in Scenedesmus D1P at this position and, thus, threonine and leucine have shifted places in Synechocystis CtpB. The Ser/Thr coordination of the catalytic lysine might be important for the proper functioning of the SPase and LexA family proteases, but since the position and type of the hydrogen bond acceptor is so variable, it does not seem to be an essential element of the catalytic mechanism of the Ctps.
